Urease activation is critical to the virulence of many human and animal pathogens. Urease possesses multiple, nickel-containing active sites, and UreE, the only nickel-binding protein among the urease accessory proteins, activates urease by transporting nickel ions. We performed NMR experiments to investigate the solution structure and the nickel-binding properties of Bacillus pasteurii (Bp) UreE. The secondary structures and global folds of BpUreE were determined for its metal-free and nickel-bound forms. The results indicated that no major structural change of BpUreE arises from the nickel binding. In addition to the previously identified nickel-binding site (Gly 97 -Cys 103 ), the C-terminal tail region (Lys 141 -His 147 ) was confirmed for the first time to be involved in the nickel binding. The C-terminally conserved sequence ( 144 GHQH 147 ) was confirmed to have an inherent nickel-binding ability. Nickel addition to 1.6 mM subunit, a concentration where BpUreE predominantly forms a tetramer upon the nickel binding, induced a biphasic spectral change consistent with binding of up to at least three nickel ions per tetrameric unit. In contrast, nickel addition to 0.1 mM subunit, a concentration at which the protein is primarily a dimer, caused a monophasic spectral change consistent with more than 1 equivalent per dimeric unit. Combined with the equilibrium dialysis results, which indicated 2.5 nickel equivalents binding per dimer at a micromolar protein concentration, the nickel-binding stoichiometry of BpUreE at a physiological concentration could be three nickel ions per dimer. Altogether, the present results provide the first detailed structural data concerning the nickel-binding properties of intact, wild-type BpUreE in solution.
Among the accessory proteins, UreE is the only known nickelbinding protein, and thus it is a metallochaperone that delivers nickel ions into the urease active sites (9 -12) . The increased pH caused by urease activation is critical to the virulence of several human pathogens, such as Helicobacter pylori (1) (2) (3) 13) . Therefore, the molecular details of the urease-and UreE-related biological systems are a matter of primary concern for many scientists, who are attempting to provide targets for potential drugs able to abolish the negative effects of bacterial urease activity.
Many UreE proteins from various species possess His-rich C-terminal tails. The number of histidines conserved in the C-terminal tail differs among species, and their functional role is still unclear (14 -17) . In the UreE-related crystal structures, the C-terminal tails were either truncated or not visible (18, 19) . The UreE protein from Klebsiella aerogenes (K a ), which possess 10 histidines in the last 15 residues, provides an example of a multi-His-containing, C-terminal tail. The K a UreE dimer binds up to six nickel ions, but the truncated form lacking 15 residues from the C terminus, the His 144 -UreE dimer, can only bind two or three nickel ions (10, 16 -18) . In contrast, the Bacillus pasteurii (Bp) UreE C-terminal tail has only two conserved histidines (14, 15) , and thus represents a tail with only a few histidines. Two different suggestions have been made for the nickel-binding stoichiometry of BpUreE: one nickel ion per dimer (19, 20) , and one nickel ion per tetramer (14, 19) . The former suggestion was derived from a thermodynamic inspection without structural data, whereas the latter estimation, which is supported by structural data (14, 19) , conflicts with the finding that the protein at a physiological concentration behaves as a dimer, even in the presence of metal ions (14, 19, 20) .
At present, three UreE crystal structures are available (18, 19) : metal-free K a UreE (Protein Data Bank (PDB) accession codes 1GMU and 1GMV), metal-bound K a UreE (PDB code 1GMW), and metal-bound BpUreE (PDB codes 1EB0 and 1EAR). All of them were built with mutant forms, although the structures are considered to reasonably reflect the wild-type folds. The K a UreE structures were built on a C-terminally 15-residue truncated form (His 144 -UreE), and they have an additional H91A or H110A mutation. Residues 13-17 in the BpUreE structures are different from those of the wild-type sequence, and the C-terminally conserved residues ( 144 GHQH 147 ) of BpUreE are not visible in the electron-density map. In addition, the metal ions bound in the K a UreE and BpUreE structures are copper and zinc, respectively, instead of nickel. No detailed structural data have been reported for the metal-free and nickel-bound forms of intact, wild-type UreE proteins. Because of these limitations in the UreE crystal structures, we have investigated the structural properties of nickel binding by BpUreE in solution.
This study was designed to clarify the following three points. First, it is presently unclear whether the nickel binding affects the protein structure. Second, the functional role of the Cterminal tail in UreE proteins is not clearly understood. Finally, the nickel-binding stoichiometry of the UreE proteins is still ambiguous, particularly for BpUreE. Thus, we determined the solution structures of metal-free and nickel-bound BpUreE, and identified the nickel-binding stoichiometry as well as the nickel-binding site. The results constitute the first structural data providing new information about the nickel-binding properties of the intact, wild-type BpUreE in solution.
EXPERIMENTAL PROCEDURES
Protein and Peptide Preparation-Recombinant BpUreE was prepared as described previously (20) . (21) . BpUreECt (a synthetic peptide corresponding to the BpUreE Cterminal tail) was purchased from Anygen (Kwang-Ju, Korea), and its sequence and purity were confirmed by mass spectrometry and high pressure liquid chromatography. For the nickel-binding experiments, the protein/peptide solutions with various nickel concentrations were prepared individually by mixing the protein/peptide solution with the same volume of a NiCl 2 solution. Before titrating the nickel, the absence of any effective metal ion in the prepared protein/peptide solution was checked by confirming the NMR spectral identities in the presence and the absence of EDTA.
NMR Spectroscopy-The NMR spectra of BpUreE, dissolved in a standard buffer (20 mM sodium phosphate, pH 6.5) containing 7% (v/v) D 2 O and 0.5 M NaCl, were obtained on a Bruker DRX 600 spectrometer at 308 K. The protein concentration was spectrophotometrically determined as a dimer (20) . The 15 N-edited nuclear Overhauser effect spectroscopy-heteronuclear single quantum coherence (NOESY-HSQC) (mixing time ϭ 150 ms) and a series of TROSY-based triple-resonance (HNCA, HN(CO)CA, HN(CA)CB, HN(COCA)CB, and HNCO) spectra (22, 23) 2 . Two-dimensional DQF-COSY, TOCSY, NOESY, and ROESY spectra of 4 mM BpUreECt were obtained on a Bruker DRX 500 spectrometer at 308 K. All of the NMR spectra were processed and analyzed using the NMRPipe/NMRDraw software (25) and the NMRView program (26) . The backbone NMR assignments of the nickel-bound BpUreE were achieved by the method applied previously to the metalfree form (21, 27) . To use the consensus-CSI method (28) and the TALOS program (29) , the assigned chemical shifts were modified to account for the deuterium isotope effects (30 -33) , because the NMR spectra were measured on perdeuterated samples. CSI and TALOS were applied to the modified chemical shifts, by the method described previously (28 -30, 34 -36) .
Equilibrium Dialysis-Equilibrium dialysis of BpUreE with 63 NiCl 2 (9,155 mCi/mg; PerkinElmer Life Sciences), diluted with various concentrations of unlabeled NiCl 2 , was performed in an eight-cell multicavity microdialysis cell (Bel-Art Products Inc., Pequannock, NJ) with precut dialysis membranes (M.W. cutoff ϭ 6,000 -8,000). Nickel binding of 5 M BpUreE dimer was analyzed in the standard buffer containing 100 mM NaCl to reduce the Donnan effect. After a 16-h incubation at room temperature, the radioactivity was measured in aliquots from each compartment by using a Beckman LS6500 liquid scintillation system and Ultima-gold scintillation mixture (Packard Bioscience, Meriden, CT). Nonlinear least-squares regression analysis was performed according to a single-site binding model and a two-site binding model (nonidentical and independent sites) using the formula for fractional saturation (Y):
where B max , B max1 , and B max2 are constants reflecting maximal binding, and K d(ave) , K d1 , and K d2 are the dissociation constants (10, 37). Lysozyme was used as a negative control.
RESULTS AND DISCUSSION
Nickel-binding Effect-The solution structure of the intact, wild-type BpUreE protein was analyzed by NMR spectroscopy. Because BpUreE is expected to tetramerize in the presence of nickel (14, 20) , and thus the molecular mass approaches 70 kDa, perdeuteration (ϳ90%-2 H) with TROSY methodology (22, 23) was essential to overcoming the high molecular mass. The chemical shifts assigned previously for the metal-free form (21) and, in this work, for the nickel-bound form have been deposited in the BioMagResBank (http://www.bmrb.wisc.edu) under accession numbers 5484 and 5826, respectively. 2 The results implied that the nickel-bound BpUreE (dimer or tetramer) is symmetric in solution, as observed for the metal-free form (21) . The number of peaks in the NMR spectra was consistent with that expected from the number of residues in one subunit.
As previously applied to other large proteins (30, 34 -36) , the synthetic analyses of the consensus-CSI (28) and TALOS (29) predictions and the sequential and short-range NOE connectivities were performed to determine the secondary structure of metal-free BpUreE in solution (Fig. 1) . Because the threedimensional 15 N-edited NOESY-HSQC spectra of the perdeuterated BpUreE necessarily lacked the NOE cross-peaks from the non-labile protons, we finely analyzed the NOE connectivities only between the amide protons. Three regions were determined as ␣-helices, where the sequential d NN (i,iϩ1) NOEs continued strongly, the short-range d NN (i,iϩ2) NOEs were frequent, the predicted backbone angles ( and ) indicated helical properties, and the consensus CSIs mainly indicated continuous helical tendencies: Trp 27 The presence of ␤-sheets was also supported by the ordered long-range NOEs between the strands, which allowed the construction of the two-dimensional global fold of the metal-free BpUreE, as shown in Fig. 2A . The present structural features of the metal-free BpUreE in solution indicated no significant differences from those of the zinc-bound crystal structure (19) . All of the secondary structure elements were detected in the same regions with identical or similar lengths, and even the predicted backbone dihedral angles agreed rather well with those calculated from the zinc-bound crystal structure (Fig. 1) . The two-dimensional fold was also the same as that observed in the zinc-bound crystal form (Fig.  2) . All of the long-range 1 H N -1 H N NOEs in Fig. 2A were those that could be expected from the inter-atom distances in the crystal structure.
In the presence of excess nickel, the resonance chemical shifts in all of the measured NMR spectra were hardly perturbed, although some resonances disappeared completely (refer to Fig. 3 and the assignment tables in BMRB). The resonances not only maintained nearly identical chemical shifts in the triple resonance spectra, but they also generated the same NOE correlations in the NOESY-HSQC spectra (data not shown). Therefore, the secondary structure and the two-dimensional global fold of the nickel-bound BpUreE in solution were determined to be identical with those of the metal-free form, as shown in Figs. 1 and 2 . These results provide the first detailed structural data for intact, wild-type UreE, in both the metalfree and nickel-bound states in solution. Based on these results, the metal binding to BpUreE induces no major confor-FIG. 1. Secondary structure determination of metal-free BpUreE. For the NOE connectivity data, the height of the bar corresponds to the intensity of the correlation (weak, medium, or strong). Dashed lines represent tentative assignments (because of spectral overlap). In the consensus CSI plot, the values "1," "Ϫ1," and "0" indicate, respectively, an ␣-helix, a ␤-strand, and no secondary structure tendency. The backbone dihedral (‚) and (E) angles, which were predicted with "good" classifications by the TALOS program, are presented with error bars, indicating the standard deviation. The prediction results contained neither the "bad" nor the "ambiguous" classification; the predictions classified as "unclassified" are not presented. The reference (OE) and (q) values calculated in the zinc-bound BpUreE crystal structure (PDB accession code 1EAR) are also presented. The determined secondary structure elements are indicated by hatched boxes for ␣-helices and arrows for ␤-strands. The reference secondary structure from the crystal structure is represented on the bottom line. A) and the zinc-bound form in the crystal (B) . A, the two-dimensional fold is schematically presented with the long-range 1 H N -1 H N NOEs, which are indicated by the arrows between residue numbers. Cylinder symbols stand for helical regions. B, front view of the monomer unit and top view of the dimer unit in the zinc-bound BpUreE tetramer, presented as ribbon drawings, which were produced with the UCSF MidasPlus program using PDB coordinates (accession code 1EB0). The coordinates lack the last four residues ( 144 GHQH 147 ). The His 100 side chain is shown as a stick-like model in the monomer unit. The bound zinc ion is represented as a gray sphere. The C-terminal tail regions are indicated by dotted circles. mational changes in the protein. However, it was previously reported that nickel binding to BpUreE greatly enhances the thermal stability of the protein (20) . Thus, it can be reasonably suggested that the structural constraints at the metal-binding sites of BpUreE would be critical to the folding, stability, and/or molecular dynamics of the protein.
FIG. 2. Structural comparison of BpUreE in the metal-free form in solution (
Nickel-binding Sites-No significant changes in the chemical shifts were observed in the NMR spectra of BpUreE upon nickel binding. Therefore, the resonances that disappeared in the presence of nickel, probably because of the paramagnetic effect of nickel leading to severe peak broadening, could be assigned to the nickel-binding sites. All of the resonances that disappeared were mapped on two distinct regions in the protein sequences Gly 97 -Cys 103 and Lys 141 -His 147 (Figs. 3, 4 , 5). The former region is consistent with the metal-binding site observed in the crystal structure of the zinc-bound BpUreE (Fig.  2B ). In the crystal structure, the His 100 residues served as the zinc-binding ligands, and the other residues in this region were located close (less than 10 Å) to the bound zinc ion (19) . In contrast, the C-terminal tail region (Lys 141 -His 147 ) has not been shown to function in metal binding. It adopted a long, coiled conformation in the crystal structure, and the last four residues ( 144 GHQH 147 ) were not visible. To determine whether the C-terminal tail region independently serves as a ligand for nickel binding or is just located close to the bound nickel, the synthetic peptide BpUreECt (N-acetyl-KEPFKYRGHQH-COOH), which corresponds to the C-terminal 11 residues of BpUreE, was synthesized. Its N terminus was acetylated to mimic a continuous peptide bond. Consistent with both the previous crystal and the present solution structures, which revealed a disordered C-terminal conformation, the NMR spectra of BpUreECt indicated a flexible, unstructured peptide conformation. Poor spectral dispersion and no inter-residue NOE cross-peaks were observed in the two-dimensional ROESY and the two-dimensional NOESY spectra, even with a 500-ms mixing time (data not shown). Although the sequence-specific NMR assignments could not be fully achieved because of the lack of inter-residue NOEs, the amino acidspecific assignments were obtained (Fig. 6) according to individual spin-system identifications using the two-dimensional DQF-COSY and the two-dimensional TOCSY spectra (38 -40) . The two-dimensional TOCSY spectra were then employed to monitor the nickel-induced spectral changes in BpUreECt. The results indicated that the nickel binding occurred specifically at the last four residues (Gly-His-Gln-His) of the peptide. For example, in the fingerprint ( 1 H N -1 H ␣ correlation) region (Fig. 6,  A and B) of the spectra, the Gly and one of the two His resonances were completely broadened in the presence of increasing concentrations of nickel ions. In addition, the other His resonance was severely broadened, with a slight chemical shift change, and either the Gln or Glu resonance was moderately broadened. In contrast, the other resonances remained nearly unchanged. In the side-chain correlation region (Fig. 6C) , the cross-peaks between the H ⑀1 and H ␦2 atoms of both His residues ("a" and "b" correlations) disappeared upon nickel addition, and a chemical-shift change was observed in the sidechain cross peaks of either a Gln or Arg residue ("c" or "d" correlation). In contrast, the cross-peaks between the aromatic ring protons in the Phe and Tyr residues ("e" and "f " correlations, respectively) were hardly changed upon nickel addition. In summary, all of the resonances affected by nickel addition were mapped on the last four residues, which are a conserved sequence in UreE proteins (14) . Together, the nickel-binding results of BpUreE and BpUreECt confirm the role of the Cterminal tail region of BpUreE in nickel binding. This work is the first to prove that the C-terminally conserved motif (GlyHis-Gln-His) of BpUreE is a nickel-binding site, in addition to the core region near the His 100 residue. Nickel-binding Stoichiometry-Until now, one metal ionbound tetramer (14, 19) has been the only example for the nickel-bound state of BpUreE, and the binding of more than one nickel to BpUreE has not been observed for the tetrameric and dimeric states (14, 19, 20) . However, the present results, which characterized the C-terminally conserved sequence as a potential nickel-binding motif, suggested the possibility of additional nickel binding to the BpUreE tetramer and/or dimer. Thus, in the present study, the nickel-binding properties of BpUreE were quantitatively investigated by analyzing a series of [ 1 H-15 N] HSQC spectra (Figs. 4 and 5) . Upon the addition of increasing concentrations of nickel to 1.6 mM subunit, the spectra of BpUreE showed biphasic peak changes of the nickelbinding site resonances (Fig. 4 ), which could be described as a complete broadening following the chemical-shift change. For example, in Fig. 4A resonance (indicated by blue-dashed circles) seemed to be highly sensitive to pH changes that were hardly detectable experimentally, because its chemical shift varied even with the same samples prepared independently.
the chemical-shift changes were completed, is consistent with the previously determined stoichiometry from an NMR hyperfine-shift experiment by Ciurli et al. (14) . It was interpreted as a stoichiometry of one nickel binding per tetramer. In addition, the BpUreE crystal structure showed tetrameric folds sharing one zinc ion (19) . Subsequently, it was revealed that the protein, at millimolar concentrations, becomes tetramerized upon binding a metal ion, such as zinc or nickel (14) . In the present results, the severe line-broadening after the addition of 0.25 equivalents of nickel per subunit supported an enlarged oligomeric state (Figs. 3 and 4) . Thus, the first-phase spectral change at the millimolar BpUreE concentration (1.6 mM subunits) by the binding of up to 0.25 equivalents of nickel seems to reflect the nickel-induced tetramerization of the protein. Then, the additional spectral change that occurred with up to 0.75 equivalents of nickel per subunit indicates that the BpUreE tetramer, which was formed by binding one nickel ion, could bind additional nickel ions. Because the nickel-binding site resonances completely disappeared by 0.75 equivalents of nickel binding per subunit, we could not determine whether further nickel binding can occur. Thus, the spectral saturating ratio, 0.75 nickels per subunit, can be interpreted as at least three nickel ions binding to a BpUreE tetramer. This is the first observation of the BpUreE molecular state with more than one metal ion bound per tetramer, which could not be identified in the previous hyperfine-shift NMR and x-ray crystallographic studies. The nickel-binding features of BpUreE in the tetrameric state provide information about the nickel-binding properties of the BpUreE dimer, which has been suggested to be the only physiologically relevant state of the protein. Based on the crystal structure (Fig. 2B) , the nickel-binding sites of BpUreE, including the C-terminal tail, are located on the surface of the dimeric unit and constitute the dimer-dimer interface in the metal-bound tetramer (19) . This suggests that each dimeric unit might be able to independently bind all of the nickels that can be captured by the tetramer.
To define the nickel-binding stoichiometry in a physiologically relevant state, we first approached the NMR analysis of (16, 18) . Considering the NMR and equilibrium dialysis results together, we conclude that the nickel-binding stoichiometry of BpUreE at a physiological state is three nickel ions per dimer.
The previous crystallographic and hyperfine-shift NMR studies (14, 19) revealed only one metal ion bound to the BpUreE tetramer. The thermostability of the protein dimer is greatly increased by the binding of up to only one nickel equivalent (20) . The chemical-shift change in the millimolar BpUreE spectra was completed by one nickel binding per tetramer (Fig.  4) . One nickel binding to the protein dimer, at a micromolar concentration, completely broadened all of the nickel-binding site resonances, except for His 147 and/or His 145 (Fig. 5) . All of these results suggest that, among the possible three bindings, the first nickel binding would have higher affinity. During the first nickel-binding, the spectral change in the His 147 and/or NiCl 2 (4.8 Ci/ml), and the number of nickel ions bound per dimer was assessed. Lysozyme (E) was used as a negative control. Solid lines were drawn from the curve fit according to a single-site binding model, as described under "Experimental Procedures." His 145 resonance was either retarded or less than those in the other resonances from the nickel-binding sites (Figs. 4 and 5) . Accordingly, the C-terminal histidines of BpUreE seem to be mainly involved in the binding of the two additional nickel ions, with relatively lower affinity, as observed for K a UreE (10, 16, 17) .
The present work provides NMR-derived structural information about intact, wild-type BpUreE, in both the metal-free and nickel-bound states in solution. Based upon the results, BpUreE does not undergo any major conformational changes upon metal binding. The C-terminal tail region, Lys 141 -His 147 , was characterized as a nickel-binding site, in addition to the core region, Gly 97 -Cys 103 . The synthetic analysis of the equilibrium dialysis and NMR results suggests that the nickelbinding stoichiometry of BpUreE is three nickel ions per dimer in the physiological state.
